[1] In this paper, by using a dynamic model with synoptic eddy and low-frequency flow (SELF) interaction, we show that the SELF feedback is of significant importance for the formation of the AO/NAO in both winter and summer. Although background storm activity is significantly weaker in summer than that in winter, the positive SELF feedback associated with the AO/NAO mode in summer can be as strong as that in winter. The seasonal variations of the AO/NAO patterns are found to resemble those of the leading singular modes simulated by a linear dynamic system with the SELF interaction in different seasons, and the seasonal shifts in spatial patterns of the AO/NAO are the result of the seasonal changes in climatological basic state and synoptic eddy activity.
Introduction
[2] Arctic Oscillation (AO), also referred to as Northern Annular Mode (NAM), is the leading mode of extratropical atmospheric circulation in the Northern Hemisphere (NH), especially during the winter season [Thompson and Wallace, 1998 ]. The AO bears great similarity to the North Atlantic Oscillation (NAO), which is a regional measure of the sea level pressure gradient between the Azores high and the Iceland low [Wallace and Gutzler, 1981; Barnston and Livezey, 1987; Hurrell et al., 2003] . The NAO may be viewed as the regional expression of the AO [Wallace, 2000] . The AO/NAO has substantial seasonal variation [Portis et al., 2000; Ogi et al., 2004] . Dynamic origin of the AO/NAO and its seasonal variation has been the subject of many studies. Several theories on the origin of the AO/NAO have been proposed, which include stratosphere and troposphere coupling [Baldwin and Dunkerton, 1999; Shindell et al., 1999; Ambaum and Hoskins, 2002] , stationary wave and zonal flow interaction [DeWeaver and Nigam, 2000; Kimoto et al., 2001] , synoptic eddy and low-frequency flow (SELF) interaction [Robinson, 1996; Limpasuvan and Hartmann, 2000; Lorenz and Hartmann, 2001; Pan, 2003; Jin et al., 2005a Jin et al., , 2005b Pan et al., 2005] , and external forcing [Shindell et al., 1999] . Here we will focus on the role of synoptic eddy and low-frequency flow (SELF) interaction on the origin and variation of the AO/NAO. A new tool which includes a dynamic closure of SELF feedback is used to investigate this problem.
Model and Data
[3] A barotropic model with SELF interaction is used in this study. If we separate streamfunction ψ into three parts: climatological basic state ψ c , low-frequency anomaly ψ a (e.g., timescale longer than 10 days), and high frequency transient eddy ψ 0 (e.g., timescale shorter than 10 days). The low-frequency anomaly of vorticity equation can be written as [Pan, 2003; Jin et al., 2005a Jin et al., , 2005b ,
here D and J 
where L is a linear matrix determined by climatological basic state ψ c and damping g. The linear operator L f , derived dynamically for the given climatological basic state and storm track, links the low-frequency anomaly to the transient eddy forcing.
[4] The main datasets used in this study, including monthly and daily streamfucntion for the years 1958 -2001, come from the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis [Kalnay et al., 1996] . On the basis of the datasets, we can get the climatologic basic state ψ c and statistical properties of storm track (or synoptic eddy activity) for different seasons, and obtain the matrixes L and L f . Detailed derivation of them refers to Jin et al. [2005a Jin et al. [ , 2005b or Pan et al. [2005] . With those matrixes, the seasonal variation of SELF feedback and its role in the origin of AO/NAO can be explored.
Results
[5] We examine the seasonal variation of AO/NAO by regressing monthly mean anomaly of streamfunction at 500 hPa on the normalized AO index given by Thompson and Wallace [1998] for different seasons (Figure 1 ). According to the regressed pattern, the seasonal variation of AO/NAO is very obvious. A north-south dipole structure GEOPHYSICAL RESEARCH LETTERS, VOL. 32, L21708, doi:10.1029 /2005GL024133, 2005 exists in all seasons in the North Atlantic region. The strength of the dipole appears strongest in winter, decreases in spring, and reaches its minimum in summer. The activity contracts northward from winter to summer. Similar results can also be obtained if we use a different AO/NAO index [Portis et al., 2000; Ogi et al., 2004] . The seasonal variations of AO/NAO pattern and strength are consistent with the seasonal variations of climatological basic flow and storm track (or synoptic eddy activity), which are strongest in winter and weakest in summer, and the jet stream and storm track contract northward from winter to summer (not shown). The observed seasonality of the AO/NAO may be attributed to the seasonal changes in the background climate state and the two-way SELF interaction which depends on climatological cycles of the background flow and the synoptic eddy activity.
[6] Using the model given by equation (2) (Figures 4a and 4d) , 0.5 (Figures 4b and 4e) , and 1 (Figures 4c and 4f) . phase. The model simulates the observations very well (Figure 2b) . With same method, we get similar results for the summer (Figures 2c -2d) . Three belts still exist, though it becomes weaker and contracts northward. The correlation between the observed and simulated patterns is around 0.7.
[7] After validating L f , we can investigate the dynamic system L + L f by studying its leading mode through eigen analysis or singular value decomposition (SVD) analysis. Figure 3 gives the leading SVD mode of L + L f in different seasons. The signal is strongest in winter, decreases in spring and reaches its minimum in summer. The dipole-like structure exists in all seasons and the pattern resembles the AO pattern well. This means AO-like mode can be generated through atmospheric internal dynamics.
[8] To further investigate the role of SELF feedback, we perform the eigen analysis to the dynamic system L + dL f . A coefficient d is introduced before L f , d = 0 indicates no SELF feedback is included, and d = 1 means full SELF feedback is introduced. Here we focus only on the winter and summer seasons. If d = 0, i.e. no SELF feedback exists in the dynamic system, there is no dipole structure found in the North Atlantic region in the least damped mode for both winter and summer seasons (Figures 4a and 4d) . The least damped mode is defined as the mode that has the largest eigen value. When d is increased up to 0.5, dipole-like pattern starts to appear (Figures 4b and 4e ) in the least damped mode. If we set d to 1, the dipole-like structure becomes very obvious in both winter and summer (Figures 4c and 4f) . This means that the SELF feedback has a pattern selection effect in both winter and summer, which grants the least damped mode an AO-like pattern. Therefore, SELF feedback plays an essential role in the origin of AO-like pattern in both winter and summer. The northward contraction of AO/NAO from winter to summer is closely related to the northward shift in climatological basic flow and storm track (synoptic eddy activity). We further investigate variation of the growth rate associated with the change of d (Figure 5 ), and find that the growth rate of the least damped mode of the dynamic system increases when d increases in both winter and summer. This indicates that there is a positive SELF feedback not only in winter but also in summer. In summer, the transient eddy forcing appears weaker as shown in Figure 2 ; in the mean time, the basic flow is also weaker in summer than that in winter (not shown), which makes the feedback also important in summer. As Figure 5 indicates, when SELF interaction is included, the growth rate of the least damped mode is larger in summer than that in winter if we use the same damping (10 days) for both winter and summer in the model. However, the damping time scale for AO in summer is shorter than that in winter; in this sense, the damping should be stronger in summer than that in winter. If we use stronger damping in summer (e.g., 7 days) than that in winter, the growth rate of the least damped mode in summer will be reduced and becomes smaller than that in winter. However, the difference between the growth rate of the least damped mode at d = 0 and d = 1 is still larger in summer than that in winter. Both Figures 4 and 5 show that the SELF feedback plays an important role in the origin and variation of AO-like mode in both summer and winter. We can extend this study to a three-dimensional primitive equation model and the results will be reported in the future.
Conclusions
[9] A new framework with a dynamic closure of SELF feedback is used to study the seasonal variation of AO/NAO, and the dynamic role of SELF feedback in the origin and variation of AO/NAO is investigated. The AO/NAO is a dynamic mode that can be generated through internal dynamics of SELF feedback. The signal is strongest in winter, decreases in spring, and reaches its minimum in summer. It contracts northward from winter to summer. SELF interaction serves as an essential feedback in selection an AO-like mode in both winter and summer, and makes it the least damped mode of the dynamic system. The seasonal variation of AO/NAO pattern originates from the seasonal variation of climatological basic flow and synoptic eddy activity. ), and vertical axis is growth rate (10 À6 s À1 ). The negative value in frequency means westward propagation.
